ABSTRACT We have used electron paramagnetic resonance to study the orientation of myosin heads in the presence of nucleotides and nucleotide analogs, to induce equilibrium states that mimic intermediates in the actomyosin ATPase cycle. We obtained electron paramagnetic resonance spectra of an indane dione spin label (InVSL) bound to Cys 707 (SH1) of the myosin head, in skinned rabbit psoas muscle fibers. This probe is rigidly immobilized on the catalytic domain of the head, and the principal axis of the probe is aligned nearly parallel to the fiber axis in rigor (no nucleotide), making it directly sensitive to axial rotation of the head. On ADP addition, all of the heads remained strongly bound to actin, but the spectral hyperfine splitting increased by 0.55 ± 0.02 G, corresponding to a small but significant axial rotation of 70. Adenosine 5'-(adenylylimidodiphosphate) (AMPPNP) or pyrophosphate reduced the actomyosin affinity and introduced a highly disordered population of heads similar to that observed in relaxation. For the remaining oriented population, pyrophosphate induced no significant change relative to rigor, but AMPPNP induced a slight but probably significant rotation (2.20 ± 1.60), in the direction opposite that induced by ADP. Adenosine 5'-O-(3-thiotriphosphate) (ATP-yS) relaxed the muscle fiber, completely dissociated the heads from actin, and produced disorder similar to that in relaxation by ATP. ATPyS plus Ca induced a weak-binding state with most of the actin-bound heads disordered. Vanadate had negligible effect in the presence of ADP, but in isometric contraction vanadate substantially reduced both force and the fraction of oriented heads. These results are consistent with a model in which myosin heads are disordered early in the power stroke (weak-binding states) and rigidly oriented later in the power stroke (strong-binding states), whereas transitions among the strong-binding states induce only slight changes in the axial orientation of the catalytic domain.
INTRODUCTION
A central hypothesis in muscle contraction is that force is generated by the reorientation of the myosin head (M) on actin (A) while coupled to the biochemical steps of the ATPase cycle (Scheme 1) (Huxley, 1969; Huxley and Simmons, 1971 ). It has been proposed that each kinetic state of nucleotide-bound myosin is characterized by a distinct axial orientational configuration (Morales and Botts, 1979) . In rigor (no nucleotide), electron microscopy (EM) has shown clearly that myosin heads are highly oriented, approximately at a distinct 450 angle to the fiber axis (Reedy et al., 1965) , and electron paramagnetic resonance (EPR) has shown that virtually all heads in the muscle fiber lie within a 15°range of axial (tilt) angles (Thomas and Cooke, 1980; Fajer et al., 1990b ; Roopnarine and Thomas, 1994b) . Despite significant efforts with structural and spectroscopic techniques, there is no compelling evidence for reorientation of myosin heads between two (or several) distinct angles during steady-state contraction. EPR has revealed that most of the myosin heads in contraction have a high degree of dynamic (microsecond) orientational disorder, with a small fraction of the heads in an orientation indistinguishable from rigor (Cooke et al., 1982; Thomas, 1987; Cooke, 1986; Fajer et al., 1991; . This suggests that either the simple two-orientation model for contraction has to be replaced by one that includes more dynamic disorder, e.g., a disorder-to-order transition , or the kinetic state that favors a distinct nonrigor orientation is not highly populated during steady-state contraction. The orientation of short-lived intermediate nucleotide states could be studied by detecting EPR signals during the transient phase of the ATPase cycle (Fajer et al., 1990c; Ostap et al., 1993; Roopnarine and Thomas, 1994a) or by using nucleotides and nucleotide analogs (Scheme 1, in boxes) to stabilize equilibrium states that may represent intermediates in the ATPase reaction sequence. In the present study, we focus on the latter approach, using nucleotide (ADP) and nucleotide analogs (AMPPNP, pyrophosphate, ATPyS, and ADP.vanadate) to study the orientation of nucleotide-bound myosin heads in both the weak and strong-binding actin states.
The AMADP state is formed by the addition of ADP in rigor (Sleep and Hutton, 1980; Dantzig and Goldman, 1985) and probably mimics a post-power-stroke state that follows the rate-limiting step of the ATPase kinetic cycle. EM studies show that the axial orientation of this state is indistinguishable from that of rigor (Reedy et al., 1965) , and most spectroscopic probe studies also show only a slight orientational difference (Fajer et al., 1990b) . The still termed "strongly bound" (Greene and Eisenberg, 1978) and may correspond to the force-generating intermediate state, AM'-ADP (Scheme 1). This state of intermediate actin-myosin affinity also has mechanical (Marston et al., 1976; Kuhn, 1978) , structural (Barrington-Leigh et al., 1972; Goody et al., 1975; Reedy et al., 1983) , and orientational (Fajer et al., 1988) properties intermediate between rigor and relaxation. Pyrophosphate is another nonhydrolyzable analog that mimics an intermediate state similar to that of AMPPNP (Cooke and Pate, 1988) . It was recently shown that the phosphates in pyrophosphate occupy the same region in the ATP-binding site as an ATP analog (ADP-BeF) (Smith and Rayment, 1995) . ATPyS is an ATP analog that mimics the weak-binding MATP state and is slowly hydrolyzed by myosin (Bagshaw et al., 1972) . Mechanical, x-ray diffraction, and spectroscopic studies have shown that the M-ATPyS state has properties expected for weak-binding states in the ATPase cycle (Dantzig et al., 1988; Kraft et al., 1992; Xu et al., 1993; Berger and Thomas, 1994) . Phosphate binding to the force-generating AM'ADP cross-bridge state reverses the cycle to produce a non-force-producing state (Dantzig et al., 1992) . Vanadate is a phosphate analog, which in the presence of ADP traps myosin heads in a weak-binding state analogous to M-ADPPi (Scheme 1) (Goodno, 1979; Goodno and Taylor, 1982) , although in muscle fibers this intermediate can be trapped only in the presence of ATP (Dantzig and Goldman, 1985; Ostap et al., 1995) . EPR spectroscopy is a uniquely powerful technique for studying the rotational dynamics and orientation of spinlabeled myosin heads (Thomas, 1987) . Most of the EPR studies cited above have been done with an SHI (Cys 707)-bound maleimide spin label (MSL: N-(l-oxy-2,2,6,6-tetramethyl-4-piperidinyl) maleimide), which has revealed no head orientation substantially different from rigor, except for weakly bound states that are dynamically disordered when bound to actin (reviewed by Thomas et al., 1995) . We recently began studying the myosin head orientation with an indane-dione spin label, designated InVSL (Roopnarine et al., 1993 Thomas, 1994a Thomas, ,b, 1995 . EPR reports directly the orientation of the probe, not the protein, so it is difficult to distinguish a change in protein orientation from a probe rotation relative to the protein. However, InVSL has been shown to be rigidly immobilized on the myosin head, in both the presence and absence of nucleotides (Roopnarine et al., 1993) , which makes it an ideal reporter of global myosin head rotations. InVSL is the only spin label that has been shown to bind to the myosin head with its principal axis aligned almost perfectly parallel to the muscle fiber axis, giving it a unique orientational perspective, and making it ideal for minimizing ambiguity in detecting axial head rotation (Roopnarine and Thomas, 1994b) . In isometric contraction most of the heads are disordered, essentially as in relaxation, but 21% of the myosin heads are ordered essentially as in rigor , consistent with previous results obtained with MSL (Cooke et al., 1982) . In the present study, we have used EPR spectroscopy of In-VSL-labeled myosin heads in skinned rabbit psoas fibers to study the orientation of different intermediate states of myosin heads, induced by ADP, AMPPNP, pyrophosphate, ATP,yS, and vanadate.
MATERIALS AND METHODS Reagents and solutions
The spin label InVSL (Fig. 1 A) was synthesized by Hankovszky et al. (1989) . Creatine kinase, P',P5-bis(5'-adenosyl) pentaphosphate (AP5A), tetralithium salts of adenosine 5'-(adenylylimidodiphosphate) (AMPPNP) and adenosine 5'-O-(3-thiotriphosphate) (ATPyS), and dithiothreitol were obtained from Boehringer-Mannheim Biochemicals (Indianapolis, IN). Sodium vanadate (Na3VO4) was obtained from Fisher Scientific. ATP, ADP, creatine phosphate, hexokinase, and other reagents were obtained from Sigma (St. Louis, MO). The fiber bundles were washed with the following solutions: rigor solution: 190 mM potassium propionate (KPr), 2 mM MgCl2, 1 mM EGTA, and 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) ( relaxation solution: 5 mM MgATP, 50 mM creatine phosphate, 750 units/ml creatine kinase in rigor solution (pH 7.0) with 20 mM KPr; contraction solution: relaxation solution plus 1.3 mM CaCl2; ATP-yS solution: rigor solution (125 mM KPr plus 25 mM MgATP-yS); 200 mM Na3VO4 (V) stock solution was prepared as described by Barnett and Thomas (1987) and Lewis and Thomas (1986) ; vanadate solution: 5 mM vanadate in contraction solution (10 mM KPr). The vanadate solution was made before each experiment and was assayed for polymerization by measuring absorbance at 260 nm as described by Lewis and Thomas (1986) . Unless otherwise specified, the ionic strength was 200 ± 10 mM in each of these solutions and the pH was adjusted at 25°C. Unless otherwise indicated, preparations and labeling procedures were performed at 4°C; ATPase assays and EPR experiments were carried out at 25 + 1°C.
Preparations and assays Subfragment 1 (SI) was prepared by chymotryptic digestion of myosin as described by Roopnarine et al. (1993) . SI was labeled with InVSL as described by Roopnarine et al. (1993) . Unlabeled rabbit psoas fiber bundles in a glass capillary (50-plA vol) were decorated with InVSL-Sl in rigor solution as described by Roopnarine and Thomas (1994b) . Rabbit psoas fiber bundles were dissected, chemically skinned, and stored as described by Roopnarine and Thomas (1994b) . Muscle fiber bundles (-0.5 mm in diameter) were labeled with InVSL at Cys 707 (SHI) and/or Cys 697 (SH2) as described by Roopnarine and Thomas (1994b) . SH2-labeled fiber bundles were prepared as described by Roopnarine and Thomas (1994b) . Protein concentrations of SI and myofibrils for ATPase assays and EPR experiments were determined as described by Roopnarine et al. (1993) and Roopnarine and Thomas (1994b) . High-salt (K/EDTA-and Ca-) ATPase assays were done as described by Roopnarine et al. (1993) . ATPase assays of myofibrils and tension measurements of muscle fibers under physiological conditions were done as described by .
We have shown previously, and verified for the InVSL-labeled fibers used in the present study, that 1) essentially all of the spin labels are on the myosin head, 2) most heads have no more than one spin label, 3) about half the spin labels are on SHI, the others on SH2 (Roopnarine et al., 1993; Roopnarine and Thomas, 1994b) , and 4) we can obtain corrected EPR spectra corresponding to labels bound specifically to SHI (Roopnarine and Thomas, 1994b) . We have shown that SHI-spin-labeled heads have altered biochemical kinetics, resulting in a higher portion of heads in weak-binding states and correspondingly lower tension; but the labeled heads probably undergo the same structural and chemical transitions as unlabeled heads Ostap et al., 1995) .
AMPPNP and ATPyS were purified by high-performance liquid chromatography (HPLC) on a preparative Biorad MA7Q (2 cm X 10 cm) (Richmond, CA) anion exchange column as described by Ostap et al. (1995) . The purified nucleotides were eluted with a linear gradient of 0-2.0 M triethylamine bicarbonate (pH 7.8). Then the nucleotides were lyophilized, resuspended in distilled water, lyophilized again, and then diluted with distilled water to a final concentration of approximately 100 mM. HPLC analysis showed that the ADP was >99% pure.
EPR spectroscopy EPR spectra were acquired with a Bruker ESP 300 spectrometer (Bruker Instruments, Billerica, MA) using a TMI Io cavity that was modified to hold a glass capillary parallel to the magnetic field. The EPR spectra for labeled fibers were acquired with the same instrument settings as described by Roopnarine and Thomas (1994b) . EPR spectra with a 100-gauss (G) sweep width were typically acquired, except for some experiments in the presence of AMPPNP, ATP-yS, or vanadate, in which the low-field region (25 G) was acquired. Comparison of data analysis from EPR spectra with 100 G and 25 G showed that orientational information was not compromised by acquiring the low-field region. The fiber bundles were perfused with various buffers with a peristaltic pump (except in the ATPyS experiments) as described by Roopnarine and Thomas (1994b) . In a typical experiment, the labeled fiber bundles were continuously perfused with 5 mM ADP in rigor solution (pH 7.0) for 1 h to remove noncovalently bound spin label (Roopnarine and Thomas, 1994b) , then in 15 mM EDTA in rigor solution for 15 min to remove bound ADP, in rigor solution (pH 7.0), and then in the appropriate nucleotide buffer. The brief incubation in EDTA did not enough to extract troponin C, as determined by sodium dodecyl sulfate polyacrylamide (12%) gel electrophoresis (data not shown) and by the lack of effect on Ca sensitivity of fiber tension and ATPase (Roopnarine and Thomas, 1994b) ; this is consistent with previous results of others (Moss, 1992) .
EPR data analysis
Much of the EPR spectral analysis was carried out with a computer program written by Robert L. H. Bennett. Each EPR spectrum was baseline-corrected by subtracting the spectrum of an unlabeled sample, which was acquired under the same conditions as the labeled sample. The spectrum was normalized to unit spin concentration by dividing the spectrum by the value of its double integral. The spectrum contains contributions from labels bound to both SHI and SH2; the SH2-bound labels are highly disordered and do not give any orientational information about the myosin head during relaxation or contraction (Roopnarine and Thomas, 1994b) . Before analysis involving determination of angular parameters, 60% of the spectrum of SH2-bound InVSL was subtracted, yielding a spectrum of SHI-bound labels, as described by Roopnarine and Thomas (1994b) . The angular distribution of spin labels (assuming a Gaussian distribution centered at 0O with full width AO) ( Fig. 1 , B-D) was determined for each component as described by Thomas (1994b, 1995) . Parameter plots showing the dependence of 60 and AO on the splitting between the zero-crossing of the outer peaks (2T') and ratio of the highfield peak to the center-field peak (Hpp/Cpp) were made from simulated spectra (Roopnarine and Thomas, 1994b) and were used to determine Q, and AO of the experimental spectrum (Barnett et al., 1986; Fajer et al., 1990a; Roopnarine and Thomas, 1994b) . EPR spectra consisting of different orientational populations were analyzed by fitting them to a linear combination of two endpoint spectra (V, and V2), usually obtained in rigor and relaxation. The mole fractions x, and x2 of V, and V2 were varied, minimizing x2 between the composite spectrum (Vc = x1 VI + x2V2) and the experimental spectrum, as described by . The fits were acceptable if the difference between the experimental and composite spectra had no significant intensity (<1% compared to the experimental spectrum) .
RESULTS

ADP
The EPR spectrum of InVSL-labeled fibers in rigor (Fig. 2 , top) consists of two components, one due to SHI-bound labels and one due to SH2-bound labels (Roopnarine and Thomas, 1994b) . The SHI component, with narrow lines and a wide hyperfine splitting (Fig. 2 , right, top spectrum), indicates a highly oriented population with the principal axis of the spin label aligned approximately parallel to the fiber axis. The SH2 component has a broad "powder-like" spectrum, implying angular disorder AO greater than 90°, and this spectrum is completely insensitive to nucleotides Thomas, 1994b, 1995) . Therefore, the spectrum of the SHI-bound population in rigor (Fig. 2 ADP increased the hyperfine splitting 2T', the distance between the zero-crossing points of the low-and high-field lines, from 70.90 ± 0.05 G to 71.45 ± 0.03 G, shifting the low-and high-field lines away from the center-field line (Fig. 2, dotted line) . This was not due to the presence of contaminating ATP, because 1) HPLC showed the ADP solution to be at least 99% pure, and 2) the addition of an ATP-depleting solution (10 mM glucose, 100 ,uM AP5A, and 100 mg/ml hexokinase in ADP solution) had no effect on the spectrum. The change in the hyperfine splitting is shown most clearly by subtracting the rigor spectrum from the ADP spectrum, producing a difference spectrum shaped like a positive derivative at low field and a negative derivative at high field (Fig. 2, middle) . Analysis of the corrected spectrum (Fig. 2 , right, top spectrum), corresponding to SHI-bound labels, shows that 2T' increased by 0.55 ± 0.02 G (SEM, n = 8) on ADP addition. This implies a significant change in 00, which is the orientation of the spin label's principal axis relative to the fiber axis (Fig. 1). were within experimental error of the observed values. The values of 00 and AO consistent with the data for rigor and rigor + ADP are illustrated in Fig. 3 . The acceptable fits for rigor were within the range 00 = 10-12°and A0 = 13-17°, whereas the values for MgADP were within the range 00 = 1-7°and AO = 18-23°. There is no overlap between the regions of parameter space for these two conditions, implying that ADP clearly causes a change in the axial angular distribution, which is most clearly a change in the center of the distribution 00 (Fig. 3) . The most probable change in 00 is 70 (from 110 in rigor to 40 in ADP), but the change in 00 could be as low as 3°(from 10°in rigor to 70 in ADP) and as high as 190 (from 120 in rigor to -7°in ADP), because 2T' depends only on the values of cos20.
Effect of ADP on SI -decorated fibers
The EPR spectrum of InVSL-S 1 in solution has a "powder" line-shape with a very large hyperfine splitting (2TI' = 72.35 ± 0.01 G), characteristic of strongly immobilized InVSL (Roopnarine et al., 1993) . When InVSL-Sl is allowed to flow into a muscle fiber bundle in rigor, it binds to actin in a stereospecific and rigid manner. The resulting spectrum (Fig. 4, top left) is similar to that of labeled fibers (Fig. 2, top left) . The splitting (2T') of the corrected spectrum of SHI-bound spin labels in rigor (Fig. 4 , top right) was 70.40 ± 0.03 G, which is 0.5 ± 0.1 G less than observed for labeled fibers (Fig. 2, top right) . Spectral analysis similar to that described above indicate that 00 is about 20 greater for extrinsic SI than for intrinsic heads. The addition of ADP solution to rigor fibers increased 2T' to 70.96 ± 0.03 G (Fig. 4) , corresponding to an increase (0.56 ± 0.06 G) very similar to that observed for intrinsic heads (0.55 ± 0.2 G; Fig. 2 orientation of InVSL at SHI on an untethered myosin head is slightly different from that of a tethered myosin head, ADP induces a similar small axial rotation in both cases. The intensity of EPR spectrum was unchanged by washing with ADP solution, indicating that ADP did not induce dissociation of actin-attached InVSL-S1. However, the addition of 5 mM MgATP (in rigor solution) to InVSL-Sldecorated fibers eliminated the spectral signal, indicating that ATP dissociated InVSL-S1 and that InVSL-S1 is enzymatically active.
AMPPNP
The addition of AMPPNP solution to labeled fibers in rigor resulted in partial disorder of the SHI-bound spin labels, with clear spectral evidence for at least two orientational populations (Fig. 5) . The spectrum was a good fit to a linear combination of spectra obtained in rigor and relaxation, with the best fit giving 0.46 ± 0.02 of the rigor spectrum and 0.54 ± 0.02 of the relaxation spectrum. The difference spectrum between the simulated composite spectrum and the experimental spectrum was negligible (not shown), indicating that there is no significant population of SHlbound spin labels other than these two populations: a highly ordered population with rigor-like orientation and a highly disordered population like that observed in relaxation. The fractions of the rigor and relaxation components were not changed when the ADP spectrum was used instead of the rigor spectrum in the fitting analysis, but the fit was better (X2 smaller) when the rigor spectrum was used, suggesting that 00 of the ordered component with AMPPNP bound was more similar to rigor than to ADP. Previous studies with MSL (Fajer et al., 1988; Berger and Thomas, 1994) showed that 1) the association constant for AMPPNP binding to spin-labeled actomyosin is 320 M-1, so only 16% of actin- bound heads are without AMPPNP, and 2) the disordered heads in the presence of AMPPNP are all dissociated from actin. To determine the orientation of the ternary complex of A-M-AMPPNP, 16% of the rigor spectrum was subtracted from the ordered component (obtained by subtracting 54% of the relaxation spectrum). The hyperfine splitting corresponding to the ternary complex was 0.5 ± 0.05 G greater than in rigor (Fig. 5 , bottom, AMPPNP spectrum), indicating 00 = 13.2 ± 0.6°. The addition of 1.5 mM CaCl2
(resulting in 0.5 mM free Ca) did not affect the spectrum in the presence of AMPPNP.
Pyrophosphate
As in the case of AMPPNP, the addition of 5 mM potassium pyrophosphate (PPi) to labeled fibers in rigor results in partial disorder, suggesting the conversion of some of the ordered heads to a disordered population (Fig. 6 , third spectrum). The EPR spectrum was an excellent fit to a linear combination of rigor and relaxation spectra, as shown by the small residual obtained from the difference of the experimental and composite spectra (Fig. 6,fourth spectrum) . The fraction of disordered SHI-bound spin labels was 0.59 ± 0.02 in rigor solution with 1 mM PPi. Increasing the PPi concentration to 5 mM (Fig. 6, third spectrum) or 10 mM further increased the SHI-bound disordered fraction to 0.73 ± 0.02. The spectrum of the ordered population of SHIbound InVSL in the presence of pyrophosphate (not shown) was obtained by subtracting 73% of the relaxation spectrum from the third spectrum in Fig. 6 . The splitting 2T' was not significantly different from rigor. The addition of 0.3 mM Ca2+ to PPi-bound myosin heads induced a small increase in the ordered population of spin labels (6 ± 0.5%). FIGURE 6 Pyrophosphate effects on EPR spectra of labeled fibers. First spectrum, rigor; second spectrum, relaxation; third spectrum, rigor plus 5 mM Mg pyrophosphate, overlaid by the best-fit composite spectrum, made from 73% of the relaxation spectrum plus 27% of the rigor spectrum; fourth spectrum, experimental spectrum minus composite spectra. (Fig. 7 , third spectrum), producing a spectrum identical to that obtained in relaxation at saturating ATP (Fig. 7 , second spectrum). In the presence of Ca, the EPR spectrum was a good fit to a linear combination of spectra from rigor and relaxation. The addition of 0.5 mM CaCl2 to ATPyS-saturated fibers increased the fraction of ordered spin labels from zero to 3 + 1% and 6.6 ± 1% at 200 and 100 mM ionic strength, respectively (Fig. 7 , fifth spectrum).
ATP,yS
Vanadate
The addition of 5 mM vanadate to fibers in ADP solution had no effect on the highly ordered myosin heads (not shown), but vanadate did have a large disordering effect in the presence of subsaturating ATP (Fig. 8) . When the ATPregenerating system (creatine phosphate and creatine kinase) was omitted from relaxation solution, only 50 ± 2% of the labeled heads were disordered, with the remaining heads oriented in rigor (Fig. 8, top left) . When 5 mM vanadate was added to this solution, the oriented (rigor) spectral component was completely eliminated, producing a spectrum (Fig. 8, top right) indistinguishable from that FIGURE 7 ATPyS effects on low-field region (25.0 G) of spectra of labeled fibers. First spectrum, rigor (100o ordered); second spectrum, relaxation (0% ordered); third spectrum, 25 mM ATPyS at 100 mM ionic strength (0% ordered); fourth spectrum, 25 mM ATP^yS + 0.3 mM Ca at 100 mM ionic strength (6.6% ordered); fifth spectrum, fourth spectrum minus the best-fit composite spectrum (93.4% relaxation + 6.6% rigor spectrum). The spectra were normalized to unit concentration before plotting.
observed in relaxation solution (including the ATP-regenerating system) (Fig. 8, ordered (rigor-like) spin labels (Fig. 8, bottom right) , indicating that M-ADPVi myosin heads interact with actin in thin filaments in a Ca2+-dependent manner. After the vanadate-relaxed fibers were washed with rigor solution for 4 min, the normal rigor spectrum was obtained, showing that the formation of the actomyosin bond greatly accelerates the release of vanadate, as observed previously with myosin in solution (Goodno and Taylor, 1982) or in muscle fibers (Dantzig and Goldman, 1985) .
DISCUSSION
Many of the experiments in this study are analogous to those done previously using SHl-bound spin labels other than InVSL (Thomas and Cooke, 1980; Fajer et al., 1988 Fajer et al., , 1990b Ostap et al., 1995) . The primary motivation for this study was to take advantage of InVSL's unique orientation, with its principal axis nearly parallel to the muscle fiber axis in rigor (Roopnarine and Thomas, 1994b O, the center of the Gaussian distribution of spin label orientations (Fig. 1) , and the percentage of ordered heads were obtained by fitting the spectrum of SH 1-bound spin labels, after correcting for nucleotide-free (rigor) heads. ATP-yS results correspond to 100 mM ionic strength. Results in relaxation and contraction solutions are from .
moves the head in the direction of positive force generation. For AMPPNP, only the attached (ordered) population of heads is shown. ADP and AMPPNP both induced oriented actin-attached states differing by a few degrees from the rigor angle. The actin-attached pre-force (weak-binding) states are dynamically disordered by at least 90°on the submillisecond time scale. ATP-yS induced a highly disordered state, even in the presence of Ca, when a substantial fraction of heads were attached to actin. Vanadate substantially reduced the fraction of ordered heads during contraction. It is not possible to prove rigorously that these analogs produce complexes that mimic real intermediates in the contractile cycle, but these results provide new support for a model (Scheme 2) in which force generation involves a transition from a disordered state to an ordered (rigor-like) state of myosin head attachment , with only very slight differences in orientation of the ordered states.
Strong-binding (force-producing) states ADP changes the mean axial orientation (0s) of the probe's principal axis slightly but significantly, with a most probable change of 70 (Fig. 3 , Table 1 ). Very similar effects of ADP were obtained with fibers decorated with InVSLlabeled S1 (Fig. 4, Table 1 ), as found previously for other spin labels (Thomas and Cooke, 1980; Fajer et al., 1990b; Ajtai et al., 1992) . Therefore, the small axial rotation induced by ADP is independent of the second head and the myosin rod. In light of the mismatch between actin and myosin filament helical symmetries, these results suggest flexibility in a part of myosin that is farther from the actin-binding site than is SHI. Early studies with a MSL placed an upper bound of 100 on any axial head rotation due to ADP (Thomas et al., 1985; Thomas, 1987) . More recently, isotopically substituted MSL derivatives were used to obtain higher orientational 1990b; Ajtai et al., 1992; Fajer, 1994) . Those studies reported a detectable effect of ADP on the spin label's orientation, but the change in the most sensitive orientational parameter (the hyperfine splitting) was negligible, implying that the probe's principal axis does not rotate relative to the fiber axis. The principal axis of MSL is nearly perpendicular to the fiber axis, which means that it could be oriented either in the plane of axial head rotation or completely perpendicular to this plane, resulting in ambiguity in deducing head rotation from probe rotation (figure 9 in Roopnarine and Thomas, 1994b) . Our present results with InVSL eliminate this ambiguity; InVSL's principal axis lies in the plane of axial head rotation, so the change in the axial orientation of the head cannot be greater than that of the probe's principal axis, indicated by the change in hyperfine splitting. The simplest interpretation of our data is that ADP induces an axial rotation of the myosin head, with a most probable rotation of 7°. However, two other sources of probe rotation are also plausible: 1) The observed rotation could be due to an internal structural change within the catalytic domain of the head, as detected with other SHI-bound probes (Barnett and Thomas, 1987; Tanner et al., 1992; Raucher et al., 1994; Ostap et al., 1995) . This is not likely in the case of InVSL, because SHI-bound InVSL has no nanosecond and microsecond rotational mobility relative to SI, in the presence or absence of nucleotides (Roopnarine et al., 1993) . 2) A torsional rotation, about the long axis of the myosin head, could also affect the spectral hyperfine splitting. Because InVSL's principal axis is at roughly a 450 angle to the head, and the head axis is at roughly a 450 angle to the fiber axis, a torsional rotation of the head would result in an axial rotation of the probe, as suggested by previous studies with other spin labels (Ajtai et al., 1992; Fajer, 1994; Raucher et al., 1994) . Thus the observed 7°axial rotation of InVSL's principal axis is a strict upper bound for the axial rotation of the myosin head due to ADP.
The AMADP state we are studying here, produced by adding ADP to rigor, is probably not the same as AM'-ADP, the proposed force-generating state that can combine with phosphate to reverse force production and ATP hydrolysis (Schemes 1 and 2) (Sleep and Hutton, 1980; Dantzig et al., 1991) . The reaction of AMADP with phosphate to produce ATP is minimal (Sleep and Hutton, 1980; Dantzig and Goldman, 1985) , and ADP decreases rigor tension by only 15% (Tanner et al., 1992) . The very small ADP-induced rotation we have detected probably corresponds to the reversal of a step (AM.D -> AM) that occurs very late in the power stroke, after most force has already been generated.
In the presence of AMPPNP, about half of the SHIbound spin labels (heads) were highly disordered, whereas the rest remained ordered, almost as in rigor (Fig. 5 , Table  1 ). Thus, although AMPPNP is not hydrolyzed by myosin, it disrupts the ordered assembly of actin-attached myosin heads in rigor. The most likely interpretation is that most of the labeled heads are in equilibrium between two orientaresolution in S 1-decorated muscle fibers (Fajer et al., 2802 Volume 70 June 1996 tional states, an actin-detached M-AMPPNP state with dis-order similar to that of relaxation and an actin-attached AMAMPPNP state with order similar to that of rigor. This is consistent with the millisecond detachment/attachment equilibrium deduced from stiffness measurements in the presence of AMPPNP (Schoenberg and Eisenberg, 1985) , but the millisecond time scale is slow (effectively static) compared with 1) the microsecond rotational motion of detached heads (Fajer et al., 1988) and 2) the nanosecond exchange that would be required to average the two EPR spectral components. Thus, EPR is sensitive to the equilibrium constant but not to the rate constants for attachment and detachment. Our observation of a stereospecific, rigor-like orientation of probes in the ternary complex AMAMPPNP is consistent with previous EPR studies with MSL in fibers (Fajer et al., 1988) . The present study does more than confirm this result. Because of InVSL's unique orientation, there is sufficient sensitivity to show that the axial orientation in the ternary complex AM-AMPPNP (13.2 ± 0.60) is significantly different from that in rigor (11 ± 10), and the change is in the direction opposite that induced by ADP (4 ± 3°). Our conclusion, that AMPPNP dissociates some heads from actin and induces a slight structural change in the remaining cross-bridges, is consistent with electron microscopic investigations of AMPPNP effects on insect flight muscle (Taylor et al., 1993) .
Pyrophosphate has an effect similar to that of AMPPNP, detaching and disordering a portion of the heads, with the ternary complex remaining rigor-like (Fig. 6, Table 1 ), as shown previously using MSL (Cooke and Pate, 1988) . However, in contrast to AMPPNP, pyrophosphate did not cause a significant change in the orientation of the ordered population, suggesting that the (3 and y phosphates are sufficient to weaken the actomyosin bond, but not to reorient the heads that remain bound-adenine is also required for the latter.
Weak-binding (non-force-producing) states
In the presence of 25 mM ATP-yS, heads are disordered as in relaxation (Fig. 7) , but the addition of Ca induces a small fraction (6.6%) of rigor-like ordered heads in 100 mM ionic strength. This is small compared to the 21 ± 1% ordered heads observed in contraction (200 mM ionic strength) . The hydrolysis step for ATPyS on myosin is very slow, presumably keeping most of the heads in a state that mimics the prehydrolysis (A)M*ATP state (Schemes 1 and 2). ATPyS probably binds to myosin heads more weakly in the presence of Ca (Kraft et al., 1992; Resetar and Chalovich, 1995) , so it is possible that the small ordered (rigor-like) fraction (6.6 ± 1% at 100 mM ionic strength) is due to nucleotide-free (rigor) heads. Berger and Thomas (1994) used the proteolytic susceptibility property of nucleotide-bound myosin heads to determine the fraction of actin-bound heads in spin-labeled myofibrils in the presence of ATPyS. Based on that study, the fraction of actin-bound heads under our experimental conditions at 100 mM ionic strength is 23 ± 6%. This is much greater than the 6.6 ± 1% ordered fraction detected in the present study, so most of the actin-bound heads in the ternary complex AM ATPyS are disordered as in relaxation. Our finding that ATPyS induces disorder in actin-attached myosin heads is consistent with previous studies with MSL showing that the ternary complex of AM ATPyS has microsecond dynamic disorder similar to relaxation (Berger and Thomas, 1994; Fajer et al., 1995) . This result suggests that myosin heads are highly disordered early in weakbinding states that occur early in the ATPase cycle, as suggested by transient EPR studies of contracting fibers (Roopnarine and Thomas, 1994a) .
Vanadate did not affect the orientational distribution in rigor or in the presence of ADP, but did induce disorder in activated fibers, both in the presence of subsaturating ATP (Fig. 8, top ) or in contraction solution (Fig. 8, bottom) . This is consistent with previous mechanical (Dantzig and Goldman, 1985) and EPR studies, which showed that the vanadate-bound state is populated only when the cross-bridges are cycling through the ATPase kinetic cycle; vanadate binds to the AM'-ADP state and reverses step 4 (Scheme 2), reducing the force. We conclude that vanadate binds to myosin heads that are in the ordered (rigor-like) AM'-ADP state (strong-binding, force-producing) and forms the disordered (A)MADP-Vi state, which mimics the (A)M-ADP-Pi state (weak-binding, non-forceproducing) (Scheme 2).
Our results indicate that 1) the adenine moiety is required to change the axial orientation of the head significantly, because neither pyrophosphate nor vanadate alone is sufficient to cause a significant change in the angle of the ordered spectral component, and that 2) both the 3 and y phosphates are required to weaken and disorder the actomyosin bond substantially, because neither ADP nor vanadate alone depletes the ordered component in the EPR spectrum (Table 1 ).
Molecular models for force generation
The present results on equilibrium states trapped with nucleotide analogs, coupled with our previous results in rigor, relaxation, and contraction, support a model for contraction involving a transition from a dynamically disordered, weakly bound preforce state to an ordered (rigor-like), strongly bound force-generating state, accompanied by slight changes in the axial orientation of the catalytic domain Ostap et al., 1995; . Scheme 2 illustrates this model, in the context of the results of the present study. Scheme 2 is consistent with the x-ray crystal structural analyses of S1 (Rayment et al., 1993a,b) and SI fragments containing nucleotide analogs (Fisher et al., 1995a,b; Smith and Rayment, 1995) , which have produced suggestions for how nucleotide binding, hydrolysis, and release induce a series of subtle structural changes within the catalytic domain, leading to changes in actomyosin affinity and to force generation. That model suggests, consistently with Scheme 2, that the initial attachment of SI to actin in weak-binding states is not stereospecific (Rayment et al., 1993a,b) . The slight effect we observe with ADP (reversal of step 6) is consistent with the small structural perturbation that the adenine moiety induces within the catalytic domain (Fisher et al., 1995a,b; Smith and Rayment, 1995) . The larger effects we observe with ATP-vanadate and with ATPyS (reversal of steps 4 and 3) are consistent with the more substantial changes within the catalytic domain and the actomyosin interface that appear to require the presence of all three phosphates (Fisher et al., 1995a,b; Smith and Rayment, 1995) . The x-ray analysis also suggests that significant structural changes within the catalytic domain are induced by ATP hydrolysis (step 3 in Scheme 2). Because InVSL reports only global orientation of the catalytic domain, this effect is not resolved in the present study, but a complementary EPR study with IASL (sensitive to local structural changes near SH1) confirmed that a structural change occurs within the catalytic domain in step 3 (Ostap et al., 1993 .
In summary, the EPR and x-ray crystallography results are consistent with Scheme 2, in which force is generated by a series of subtle structural changes within the catalytic domain, coupled to a disorder-to-order transition. However, this would be sufficient to produce force only if the mean orientation in the disordered (weak-binding) heads were substantially different from that of the ordered (strongbinding) heads. We have shown (Roopnarine and that the mean orientation of the disordered heads in contraction is probably rigor-like, as depicted in Scheme 2. Therefore, it is necessary to consider a model in which subtle conformational changes within the catalytic domain, where SH 1 resides, are coupled to a more substantial change in the shape of the head, resulting in a rotation of the light-chain-binding domain, between the catalytic domain and myosin rod (Huxley and Kress, 1985; Cooke, 1986; Rayment et al., 1993b; Smith and Rayment, 1995) . Fig. 9 Weak-binding Strong-binding FIGURE 9 A model for the force-generating step that combines the disorder-to-order transition with internal bending of the head. In weakbinding (pre-force) states, heads are dynamically disordered and bent, but the mean orientation of the catalytic domain is the same as in rigor. In strong-binding (force-producing) states, heads are rigidly oriented and straight.
depicts a model for the force-generating step that combines the disorder-to-order transition with the internal bending of the head. This model is supported by EPR and phosphorescence studies of labeled regulatory light chains, indicating rotational motion of the light-chain-binding domain relative to the catalytic domain in contraction (Hambly et al., 1992; Thomas et al., 1995; , fluorescence polarization of labeled regulatory light chains, showing tilting motions that correlate with force changes during mechanical transients (Irving et al., 1995) , and electron microscopic analysis of S 1-decorated actin filaments, showing that ADP appears to induce a substantial tilt of the light-chain-binding domain relative to the catalytic domain (Whittaker et al., 1996; Jontes et al., 1996) . Spectroscopic studies of labeled light chains are required to test this model further.
